Blue light has many direct and indirect effects on photosynthesis. The impact of blue light on mesophyll conductance (g m ), one of the main diffusive limitation to photosynthesis, was investigated in leaves of Nicotiana tabacum and Platanus orientalis, characterized by high and low g m , respectively. Leaves were exposed to blue light fractions between 0% and 80% of incident light intensity (300 mmol photons m 22 s
Introduction
Blue light impacts on many physiological processes. Blue light induces stomatal opening (Sharkey and Raschke, 1981) . Zeaxanthin (Zeiger and Zhu, 1998) or phototropin (Kinoshita et al., 2001 ) may act as photoreceptors in guard cells, eliciting their turgor increase and, consequently, the increase in the aperture of stomata. Exposure to strong blue light, however, induces chloroplast movement to avoid the negative effect of highly energetic light wavelengths. Chloroplasts move away from blue light, often appressing themselves to the cell wall parallel to the light beams, also called the anticlinal sides. This chloroplast response was known at the beginning of the last century (Senn, 1908) , and has been extensively investigated. Many recent studies indicate that phototropins, specific protein kinases, are activated by blue light and act as photoreceptors controlling chloroplast movement; in particular, phot2 seems to be responsible for avoidance movements such as under strong blue light (Wada et al., 2003) .
It is intuitive that both of these effects of blue light may influence photosynthesis. Increasing stomatal opening may increase CO 2 diffusion in the intercellular spaces, thus reducing stomatal limitation to photosynthesis. On the other hand, the chloroplast avoidance response may negatively affect mesophyll conductance (g m ), i.e. the CO 2 transfer from the intercellular air spaces to the chloroplasts (Evans and Loreto, 2000) , by reducing the chloroplast surface area exposed to intercellular air spaces (Tholen et al., 2008) .
However, changes in diffusive resistances may not be the only cause of photosynthesis reduction under blue light. The chloroplast avoidance response may also reduce the efficiency of light utilization in photosynthesis, for instance, reducing the absorbance of light (Brugnoli and Bjö rkman, 1992) . Even without invoking direct effects of chloroplast movements, McCree (1972) showed that both the action spectrum (the ratio between CO 2 uptake and energy load) and the spectral quantum yield (the photosynthesis per unit of absorbed quanta) are largely quenched in leaves exposed to blue light with respect to the same parameters measured under red light. These effects of blue light may be caused by inefficient energy transfer from the carotenoids to the chlorophylls (Duysens, 1952) ; by increasing absorption by epidermal cells (Inada, 1976) ; and by unbalanced excitation of the two photosystems (Evans, 1987) .
There was a need to know whether blue light could affect the mesophyll conductance of plants in which this conductance is high (herbs) or low (trees). We looked for (i) possible artefacts affecting g m calculation under blue light; and (ii) possible causes of g m reduction. In particular, we tried to understand whether changes in light absorbance and distribution between photosystems, and energy transfer between pigments and photosystems, affect measurements of g m by combined gas-exchange and chlorophyll fluorescence in leaves exposed to blue light. By monitoring rapid responses to blue light when chloroplast movement was chemically inhibited, we further tried to understand whether a relationship exists between chloroplast movement and g m reduction under blue light. plants were grown in 3.0 l pots filled with commercial soil in a climate controlled greenhouse where the air temperature was 30-32/18-21°C (day/night), the relative humidity was 50-80%, and the light intensity at the canopy level was 400-600 lmol photons m À2 s À1 during sunny days (90% of total days). Plants were regularly irrigated and fertilized to avoid drought and nutritional stress during the experiments which were carried out during summer.
Materials and methods

Two
Gas exchange measurements were performed in laboratory conditions on the fourth leaf from the apex using the LI-6400-40 portable photosynthesis system (Li-Cor, Lincoln, NE, USA) equipped with the leaf chamber fluorometer. This system illuminates the 2 cm 2 leaf portion enclosed in the LI-6400-40 cuvette with a mixture of red and blue LEDs. The proportion of blue and red light can be changed by instrument software. The total light intensity was set at 300 lmol photons m À2 s À1 and the fraction of blue light was changed between 0% and 80% (i.e. up to an intensity of blue light of 240 lmol photons m À2 s À1 , the remaining 60 lmol photons m À2 s À1 being supplied with red light). The spectrum of the light supplied by blue and red LEDs was measured with a spectroradiometer (LI-1800, Li-Cor, Lincoln, NE, USA). The blue LEDs had a peak emission at 465 nm while the red LEDs peak emission was centred at 670 nm. In both LEDs the waveband was very narrow, with no emissions recorded at 610 nm from peak emission.
Photosynthesis and stomatal conductance were measured using the LI-6400-40 software. Mesophyll conductance (g m ) was calculated from joint measurements of gas-exchange and chlorophyll fluorescence, using the 'variable J method', first described by Harley et al. (1992) and Loreto et al. (1992) . This method compares the electron transport rate calculated by gas-exchange (J c ) and by fluorescence (J f ). If they do not match, the intercellular CO 2 concentration (C i ), a component of the equation to calculate J c , is considered to be higher than the chloroplast CO 2 concentration (C c ). Upon entering the correct C c the equation J f ¼J c is reached and g m is calculated. J f (equation 1) is estimated by multiplying the electron transport quantum yield of PSII (in turn estimated by the ratio between the difference between maximal and steady-state fluorescence and the maximal fluorescence in illuminated leaves,
) by the incident light intensity or PPFD, and then correcting for the actual fraction of absorbed light (a) and for the distribution of light between the two photosystems (b).
In our samples, a (¼0.82-0.85 in the different plant species) was measured using the LI-1800 spectroradiometer with an integrating sphere in which the leaves were exposed to white light, and b was, as a first approximation, estimated to be 0.5 (Loreto et al., 1994) . However, b was also estimated using the Laisk plot (Laisk and Loreto, 1996) between the quantum yield of PSII, calculated by dividing J c by the absorbed light intensity, and the ratio between steady state and maximal fluorescence in illuminated leaves (
. As postulated by Laisk and Loreto (1996) , this plot is the graphical representation of the equation used to calculate the electron transport rate by fluorescence. It yields a linear relationship whose extrapolation represents the maximal quantum yield of PSII. This is interpreted as the excitation distribution factor to PSII and the complement to 1 is the excitation distribution factor to PSI. The Laisk plot was used to verify the putative unbalancing of blue light distribution between photosystems (Evans, 1986 (Evans, , 1987 .
The light response of photosynthesis was measured by varying light intensity between 0 and 300 lmol photons m À2 s
À1
while maintaining the leaf at the ambient CO 2 concentration of 380 lmol mol
. Along the entire set of measurements the leaf temperature was kept to 25°C and the relative air humidity to 50-55%. All of the above measurements were performed after reaching steady-state values of photosynthesis and stomatal conductance, at least 30 min after changing the experimental conditions. Chloroplast movement was inhibited using an actin depolymerizing chemical, cytochalasin (Malec et al., 1996; Tholen et al., 2008) . The plants were placed under weak white light (50 lmol m À2 s À1 ) for 2 h, after which a control solution [8% dimethyl sulphoxide (DMSO) in water] was applied to intact leaves with a small brush. Similarly, other leaves were treated with a 200 lg ml À1 cytochalasin D (Sigma-Aldrich, St Louis, MO, USA) solution in DMSO. The treatments were repeated twice during the following 15 min. After drying the surface, the leaves were immediately used for measurements. We wanted to assess whether blocking chloroplast movement could enhance the photoinhibitory effect of blue light. To this aim, the maximal quantum yield of fluorescence was measured in darkadapted leaves (the ratio between variable and maximal fluorescence, F v /F m ) before and after a 60 min exposure to strong (2200 lmol m À2 s À1 ) blue (artificial light provided by Royal Blue LEDs, dominant wavelength: 455 nm) or red light intensity, using leaves that were previously treated with cytochalasin or only brushed with DMSO. A 20 min dark-adaptation was allowed before and after the photoinhibitory treatment. Leaves were then dark-adapted and recovery of F v /F m was followed periodically during this time.
Experiments were replicated on at least five different leaves of different plants. Results are presented as means 6SE, unless otherwise specified. Asterisks (*) indicate significant differences (Tukey's test, P <0.01) between means or curves measured at different fractions of blue light. In Fig. 7 , the asterisk indicates significant differences of the g m calculated according to equations 1 or 2 (corrected for inefficient energy transfer between carotenoids and chlorophylls under high blue light, see below). All statistical analyses were conducted using SigmaStat (SPSS; http:// www.spss.com/). Best fits and regression coefficients of the relationships of Figs 5 and 6 were generated by the SigmaPlot 9.0 software (Systat Inc., San Jose, CA, USA).
Results
Photosynthesis of both tree and herbaceous species was reduced by increasing the fraction of blue light in the incident light (Fig. 1a) . The effect was especially significant, in both species, when 80% of the total light intensity was supplied as blue light. By contrast, increasing fractions of blue light did not affect the stomatal conductance of both Platanus and Nicotiana leaves (Fig. 1b) . Increasing fractions of blue light also strongly reduced the calculated mesophyll conductance of both species (Fig. 1c) . The reduction of photosynthesis and mesophyll conductance was especially evident at the highest incident light intensity (300 lmol m À2 s À1 ), but was also observed at lower light intensities (Fig. 2) .
Photosynthesis was stimulated by reducing O 2 levels from 20% to 1% to suppress photorespiration. The stimulation was around 25% at 0, 40, and 80% blue light (data not shown), indicating that increasing blue light does not directly affect Rubisco properties and does not significantly change the ratio between CO 2 and O 2 , the two substrates of Rubisco, at the chloroplast level.
In non-photorespiratory conditions, four electrons are theoretically needed to fix one mole of CO 2 , and the electron transport rate measured by fluorescence, J f , should therefore equate J c ¼43(A+R d ), where R d is the day respiration rate (Loreto et al., 1994) . This equation was verified in C 3 leaves exposed to 1% O 2 under 0% blue light. However, when the fraction of blue light was increased, the value of J f increasingly diverged from the electron transport rate calculated from gas exchange (Fig. 3a) . The divergence under increasing fractions of blue light was also observed in Zea mays, a C 4 plant, sampled under ambient O 2 concentration (Fig. 3b) .
If J f does not match the electron transport rate calculated by gas exchange under non-photorespiratory conditions, then one of the factors used for the calculation of J f (see equation 1) may be affected by blue light. This, in turn, invalidates the estimation of mesophyll conductance of Fig 1. The absorbance of Platanus leaves was similar at the wavelengths emitted by red and blue lights. In Nicotiana leaves, an even slightly higher percentage of light was absorbed under blue light than under red light (Fig. 4) . It was concluded that the a value should not be largely affected by blue light. The b value (entered as 0.5 in equation 1 to calculate g m in Figs 1 and 2) was then recalculated following the Laisk plot in leaves exposed to different light intensities under 0% or 80 % blue light (Fig. 5) . This plot revealed that the excitation distribution factor to PSII (the intercept on the y-axis of Fig. 5 ) was close to 0.5 in Platanus leaves illuminated with 0% blue light, but dropped to 0.38 in leaves illuminated with 80% blue light.
Even when J f was re-calculated to account for the change in the excitation distribution factor to the different photosystems, a considerable offset between J f and J c under non-photorespiratory conditions was still present. A third correction factor (c) was entered in equation 1, to simulate the possible contribution of inefficient energy transfer between carotenoids and chlorophylls under high fractions of blue light (equation 2). Statistical difference between the entire curves at 0% and 80% blue light is shown by the asterisk near the 80% curve (P <0.01). By entering c¼0.55 under 80% blue light, and c¼0.65 under 40% blue light, the equation J f ¼J c in non-photorespiratory conditions was met, and it was therefore possible to recalculate g m using the correct J f . The corrected g m was significantly higher than g m estimated before correcting for inefficient light use under blue light. However, g m under blue light illumination was still significantly lower than under illumination with red light (Fig. 6) .
The chloroplast CO 2 concentration was estimated on the basis of the corrected g m to be around 240 lmol mol À1 in Platanus and 300 lmol mol À1 in Nicotiana leaves, and was not affected by growing fractions of blue light (Table 1) . This indicates that diffusive limitations are not responsible for the reduction of photosynthesis at high levels of blue light.
Whether the residual reduction of g m could be attributed to chloroplast movement in the avoidance position to minimize the damaging effects of blue light was examined next. Chloroplast movement occurs with a certain time-lag after exposure to bright light sources of high blue light. Therefore, the time-course of change of the corrected g m , after exposure to 80% blue light, was measured. Chlorophyll fluorescence quenching may occur after repeated fast measurements with saturating light, thus invalidating g m measurements in a single leaf. Thus, g m was measured in different leaves at different times after switching to 80% blue light, and the results were normalized to g m measured before switching to blue light, to make measurements comparable. The mesophyll conductance was found to drop very quickly, reaching the new steady-state value within 3 min (Fig. 7) .
Cytochalasin was successfully used to inhibit chloroplast movement. A strong and not rapidly reversible reduction of the fluorescence parameter F v /F m was observed when ) illuminated with 0% or 80% of blue light in the incident PPFD. Data were generated using measurements at different light intensities in five replicates per light source. Best fits (forced to intercept the x-axis at x¼1, under the assumption of no electron transport driving alternative sinks), and regression coefficients of the relationships were generated by the SigmaPlot 9.0 software. The regression lines at 0% and 80% are statistically different, and intercept the y-axis at J c /a PPFD¼0.49 and 0.38, respectively, which indicates a lower excitation distribution factor to PSII under blue light. ). The mesophyll conductance estimated using a J f calculated according to equation 1 was compared to the mesophyll conductance estimated using a J f corrected for the effect of blue light on J f as measured under non-photorespiratory conditions ( Fig. 4; equation 2 ). Means 6SE (n¼5) are reported for each data point. Best fits were generated by the SigmaPlot 9.0 software and are statistically different as shown by the asterisk near the 0% blue light best-fit (P <0.01). cytochalasin-treated leaves were subjected to strong blue light, which is probably the result of chloroplast damage in the absence of movement into the avoidance position (Fig.  8) . Such a strong inhibition of photochemical efficiency was not observed in leaves under blue (Fig. 8) or red light (data not shown) in the absence of cytochalasin. Fast changes of photosynthesis and g m under blue light were also observed in leaves treated with cytochalasin (Fig. 7) , which may indicate that chloroplast movement does not contribute to quick changes of g m under blue light illumination.
Discussion
Illumination with blue light caused photosynthesis to drop in both herbaceous and tree species characterized by different mesophyll conductance. Blue light is known to induce stomatal opening (Sharkey and Raschke, 1981) . In our experiment, stomata were mostly insensitive to blue light, but were never as negatively affected as g m . The reduction of g m under blue light was particularly strong.
The variable J method was used to calculate g m . However, estimation of g m by chlorophyll fluorescence relies on a series of assumptions (see equation 1), some of which may not be met under blue light irradiance. This may, in turn, invalidate measurements of g m . In particular, blue light may reduce the efficiency of energy transfer between carotenoids and chlorophylls, may increase absorption by superficial (epidermal) layers of cells, and may unbalance the excitation of the two photosystems.
A standard method to verify the accuracy of the measurements of the electron transport rate by fluorescence (J f ) is to compare it, under non-photorespiratory conditions, with the electron transport rate calculated from gas-exchange (J c ). Under non-photorespiratory conditions, J c should always match J f (Loreto et al., 1994) . However, this is not the case under blue light. The increasing discrepancy between J f and J c at rising levels of blue light (Fig. 3) suggested that one of the terms may not be correctly calculated. Since J c correctly followed the reduction of photosynthesis observed under blue light both in photorespiratory (e.g. Fig. 1 ) and non-photorespiratory conditions (data not shown), the estimation of J f is possibly wrong. Fig. 7 . Time-course of mesophyll conductance reduction upon switching from 0% to 80% blue light in control Platanus leaves and in leaves previously treated with cytochalasin to inhibit chloroplast movement. Switching to blue light occurred at the time shown by the arrow. Mesophyll conductance was measured in different leaves at different times after switching to 80% blue light, and results were normalized to g m measured before switching to blue light, to make measurements comparable Means 6SE (n¼5 different leaves) are reported for each data point. Fig. 8 . Inhibition of the chlorophyll fluorescence parameter F v /F m (the ratio between variable and maximal fluorescence in darkadapted leaves) measured before and after a 60 min photoinhibitory treatment under blue light, and during the recovery in darkness, in Platanus leaves in which the chloroplast movement was or was not inhibited by cytochalasin. A single experiment is shown, representative of the significantly more damaging effect of blue light on photochemical efficiency when chloroplast movement is not possible. McCree ( 1972) showed that leaf absorbance is not significantly affected by blue light, a conclusion with which our data (cf. Fig. 4 ) concur, and which should confirm the accuracy of the parameter a in the equation used to calculate J f . Moreover, epidermal absorption appears to be relevant only in the UV, probably to protect leaves against oxidative damage caused by these highly energetic wavelengths (Inada, 1976) .
A strong reduction of both the action spectrum and the quantum yield of leaf photosynthesis under blue light has been reported (McCree, 1972; Evans, 1987) and is again confirmed by the light responses of our plants (cf. Fig. 2) . Evans (1986) argued that the reduction of the quantum yield under blue light could be caused by changes in the distribution of light between photosystems. This would directly affect the parameter b of the J f equation. The Laisk approach (Laisk and Loreto, 1996) was used to verify this possibility in vivo. Indeed, the best-fit of data obtained in leaves illuminated with a high fraction of blue light extrapolated to a significantly lower maximal quantum yield of PSII. This indicates that less than 40% of the light is distributed to PSII in leaves illuminated with 80% blue light, while the light distribution is close to the predicted one (50%, Genty et al., 1989) under red light illumination. Evans (1987) reached a different conclusion, suggesting that, under blue wavelengths, more light should be absorbed by PSII. The Laisk plot was forced to extrapolate the best-fit to
. This cancels out the existence of alternative electron transport (Laisk and Loreto, 1996) that would further change the shape of the best-fit and may produce a larger estimation of light distribution to PSII. However, if more light is distributed to PSII under blue light, then the J f value would be even higher and more divergent from J c , thus further impairing the equation on which the g m calculation is based.
Two more problems may be caused by the use of blue light, which are not taken into consideration in the estimation of J f (equation 1). First, because of its inherent higher energy, blue light may impinge on different (deeper) layers of cells than white light, and the deeper cell layers may not contribute to the emitted fluorescence to the same extent as more superficial cell layers in the mesophyll (Vogelmann and Evans 2002) . The impact of this effect of blue light on the J f calculation is unknown. While a may not be affected since it integrates the entire mesophyll response, the DF # F m value could be down-estimated. However, this should make J f lower in comparison to J c , whereas the opposite was observed, even under non-photorespiratory conditions (Fig. 3) . Second, energy may not be efficiently transferred between carotenoids and chlorophylls. The peak wavelength of our blue LEDs is indeed preferentially absorbed by carotenoids (Duysens, 1952) and the issue of efficient energy transfer may be very important for correct J f calculation. Duysens (1952) reported a very inefficient transfer of energy from carotenoids to the photosystems of algae and bacteria. However, a much more efficient transfer of the energy between carotenoids and chlorophylls seems to occur in higher plants (Siefermann-Harms and Ninnemann, 1982) , although energy transfer from carotenoids seems to be equally split between chlorophylls a and b (Croce et al., 2001) . The issue clearly remains controversial. Since, even after correcting for the blue light effect on b, J f was higher than J c under non-photorespiratory conditions, it is speculated that energy transfer to chlorophylls was not complete after the absorption of blue light by carotenoids. Therefore a further factor c that was iteratively calculated until J f equated with J c (equation 2) was introduced. The corrected J f was then introduced in the formulation to estimate g m by the variable J method . As expected, under blue light the corrected g m was considerably higher than that calculated before adjusting J f (e.g. Fig. 1 ), indicating that part of the reduction of g m is artefactual. It is concluded that correct measurements of g m under blue light require adjustment (down-regulation) of J f for an as yet unknown factor, that has hypothetically been attributed to inefficient energy transfer between pigments.
Even after entering the correction as specified above, g m was significantly reduced when leaves were exposed to blue light with respect to values observed under illumination with red light only (Fig. 6 ). About 50% of the reduction of g m indicated by the variable J method without correction is likely to be real. However, such a reduction does not appear to limit the CO 2 concentration in the chloroplasts (C c ), as the calculated C c was similar in leaves exposed to red and blue light (Table 1) . Thus, enhanced photosynthesis limitations under blue light (e.g. Fig. 1) are not caused by rising diffusive limitations but rather are a consequence of photochemical limitations that remain to be investigated further.
It is speculated that the reduction of g m under blue light could be related to chloroplast movement in the avoidance position. It has been shown by Tholen et al. (2008) that the movement of chloroplasts in the avoidance position reduces the surface of chloroplasts exposed to intercellular airspaces, and, consequently, increases the CO 2 diffusion path to the sites of carboxylation, eventually reducing g m . The importance of the surface of chloroplasts exposed to intercellular airspaces in g m estimation has been often highlighted (Syvertsen et al., 1995; Evans and Loreto, 2000) . However, the reduction of g m upon exposure to blue light was extremely fast (within 2-3 min, Fig. 7 ), probably faster than any possible chloroplast movements (Wada et al., 2003; Tholen et al., 2008) , and adjustment of the chloroplast surface exposed to intercellular airspaces. Cytochalasin was used to inhibit chloroplast movement (Malec et al., 1996) . Cytochalasin is also known to inhibit the transport of sugars across the cell membrane and to affect some cellular functions, but should not have any direct and fast effects on photosynthesis. Leaves in which chloroplast movement was inhibited developed stronger damages upon exposure to bright light intensity, especially when this was centred on blue wavelengths (Fig. 8) . This further confirmed that chloroplast movement occurs under blue light and has a protective function (Kasahara et al., 2002) . However, even when the chloroplast movement was inhibited, the fast response of g m to blue light was observed. Therefore, the hypothesis that the residual reduction of g m , after correcting the g m calculation for the true J f , is caused by chloroplast movement, was rejected. Our results indicate that, under blue light, photosynthesis is limited by photochemical efficiency, and this, in turn, may have affected, to some extent, g m . However, more studies are needed to identify all the factors limiting g m and photosynthesis under blue light.
